This study identifies sources of variation in stable carbon isotopes of maize leaves and 23 establishes the framework for connecting leaf δ 13 C and transpiration efficiency. 24
The increasing demand for food production and predicted climate change scenarios highlight the 26 need for improvements in crop sustainability. The efficient use of water will become increasingly 27 important for rainfed agricultural crops even in fertile regions that have historically received 28 ample precipitation. Improvements in water-use efficiency in Zea mays have been limited, and 29 warrants a renewed effort aided by molecular breeding approaches. Progress has been 30 constrained by the difficulty of measuring water-use in a field environment. The stable carbon 31 isotope composition (δ 13 C) of the leaf has been proposed as an integrated signature of carbon 32 fixation with a link to stomatal conductance. However, additional factors affecting leaf δ 13 C 33 exist, and a limited number of studies have explored this trait in Z. mays. Here we present an 34 extensive characterization of leaf δ 13 C in Z. mays. Significant variation in leaf δ 13 C exists across 35 diverse lines of Z. mays, which we show to be heritable across several environments. 36
Furthermore, we examine temporal and spatial variation in leaf δ 13 C to determine the optimum 37 sampling time to maximize the use of leaf δ 13 C as a trait. Finally, our results demonstrate the 38 relationship between transpiration and leaf δ 13 C in the field and the greenhouse. Decreasing 39 transpiration and soil moisture are associated with decreasing leaf δ 13 C. Taken together these 40
Introduction 44
Increasing occurrences of extreme temperature and precipitation patterns necessitate 45 improvements in crop productivity and sustainability (Pryor et al., 2013) . In the near future, 46 abnormal and sporadic precipitation in the Midwestern United States, where agriculture is 47 primarily rainfed, will require crops that use water efficiently. The susceptibility of Zea mays to 48 yield loss due to increases in temperature and vapor pressure deficit (VPD; the difference 49 between the amount of water in the air and the holding capacity of the air when saturated) has 50 already been documented in this region (Lobell et al., 2014 ). An extensive amount of time is 51 required to develop a commercial variety with improvements in complex traits that affect canopy 52 dynamics, photosynthetic pathways, and water-use (Hall and Richards, 2013). Thus, 53 advancements in methods for evaluating water use are required to speed up breeding efforts to 54 meet the imminent need for more efficient and sustainable crops. 55
56
Transpiration efficiency can be defined in agronomic terms (TEa = yield ÷ transpired water) or 57 intrinsic terms as (TEi = net photosynthesis ÷ transpiration) (Dhanapal et al., 2015; Ellsworth and 58 Cousins, 2016) . Transpiration is the efflux of water through stomatal pores that occurs 59 simultaneously with the influx of CO2 for photosynthesis (Kim et al., 2010) , and can be 60 calculated by multiplying stomatal conductance (gs) by VPD. Importantly, an increase in TE 61 must not limit CO2 for photosynthesis, which would result in a reduction in yield. This is 62 problematic in a C3 crop because high gs, which equates to high transpiration, is generally 63 required to maintain high levels of photosynthesis. In fact, high yielding C3 crops have been 64
shown to be associated with high gs (reviewed in Blum, 2009). However, in C4 crops, the carbon 65 concentrating mechanism maintains high concentrations of CO2 around Rubisco in the bundlepotential to optimize TE. 68 69 Direct measurements of TE are both time and resource consuming. These constraints are 70 compounded by the large population size needed for a breeding program (Long and Bernacchi, 71
2003), but there may be high-throughput alternatives to traditional gas exchange assays. One of 72 the proposed alternative methods is the use of carbon isotope composition of a leaf (δ 13 C, ‰) as 73 an integrative measure of metabolism (von Caemmerer et al., 2014) . Fractionation during CO2 74 uptake and assimilation processes are thought to be the major factors affecting leaf δ 13 C 75 (Farquhar et al., 1989 and identify the underlying mechanisms that control these differences will facilitate the use of 100 leaf δ 13 C as a proxy trait for TE. 101
102
Zea mays serves as an excellent biological system for studying photosynthesis and water use of 103 C4 plants because of its economic importance as a major crop (nearly 37 million hectares planted 104 in United States in 2017, USDA-NASS), and because of the genetic resources available. In 105 addition, there is tremendous genomic and phenotypic diversity between lines of Z. mays, which 106 is greater at the DNA sequence level than between humans and chimpanzees (Tian et al., 2009 difference was due to a single time point (12:00) that was significantly lower than 5:00, 6:00, and 142 18:00. However, the differences do not resemble a pattern consistent with a diurnal 143 mechanism. This result supports the use of leaf δ in regards to leaf δ 13 C. Z007E0067 had significantly higher leaf δ 13 C values than all other 225 genotypes at 100% and 80% FC (p = 0.00044 and p = 0.00118 respectively; Table 1 ). For the 226 compared to Z021E0097 (p = 0.00114 and p = 0.03994 respectively; Table 1).  228   229 To investigate potential leaf level gas exchange differences between RILs, we collected steady 230 state gas exchange measurements on all four RILs grown in the 100% FC treatment along with 231 samples for leaf δ 13 C at 54 days after planting (DAP). Line Z007E0150 had significantly lower 232 values of net photosynthesis (A), stomatal conductance (gs), and transpiration (E) compared to 233 the other RILs (p <0.05; Table 2 ).In addition, Z007E0150 had the lowest Ci/Ca value (98.7 ± 234 4.6), which was significantly lower than Z007E0067 (130.8 ± 5.1; p = 0.0021). Z021E0032 also 235 had a Ci/Ca significantly lower than Z007E0067 (p = 0.0266; Table 2 ). A comparison of leaf 236 δ 13 C collected at 54 DAP (corresponding to the gas exchange measurements) and at 64 DAP 237 (corresponding to the termination of the experiment) showed no significant differences in any of 238 the four RILs ( Figure S4 ). Consistent with field measurements, Z007E0067 had a significantly 239 higher leaf δ 13 C ; however, in the greenhouse Z021E0032 was statistically similar to the low leaf 240 δ 13 C RILs (Table 1) . 241 242 From this experiment both TEi and TEa were calculated at 100% FC. Intrinsic transpiration 243 efficiency, calculated using gas exchange measurements, showed that Z007E0150 had a 244 significantly higher TEi compared to Z007E0067 and Z021E0097 (p = 0.0006, p = 0.0237; Table  245 3). Agronomic transpiration efficiency, calculated using biomass and total water transpired, also 246 showed that RIL Z007E0150 had a significantly higher TEa than Z007E0067 and Z021E0097 (p 247 = 0.0006 and p = 0.0059 respectively; Table 3 ). Z021E0032 had significantly higher TE than 248 Z007E0067, but only when calculating TEa (p = 0.0262). To further investigate what was drivingin biomass was found between RILs at 100% FC (p = 0.43), indicating that the difference in TEa 251 are mainly attributable to total transpiration. However, significant differences were observed in 252 plant height and leaf number (Table 3) . Most notably, Z007E0150 is one of the taller RILs but 253 has significantly fewer leaves, whereas Z007E0067 is the shortest RIL and has the most leaves 254 (Table 3) . 255
256
To determine the correlation between traits measured during the greenhouse experiment, a 257 correlation matrix was generated using traits collected in all three water treatments ( Figure 6 ). As 258 expected, strong negative correlations were found between total transpiration and TEa as well as 259 between biomass and TEa because both total transpiration and biomass are used to calculate TEa. The shift to more negative leaf δ 13 C values is also visible in our greenhouse experiment when 293 compared to field-grown plants of the same RILs. While most of the lines were relativelyenvironment interactions as seen by the drastic change of their relative rank. In particular, 296 CML247 and W22 had high leaf δ 13 C values in the greenhouse but consistently low leaf δ 13 C in 297 the field. The opposite was true for CML228. A genotype by environment interaction was also 298 observed with RIL Z021E0032. This would suggest that greenhouse screens of leaf δ 13 C are 299 useful, but would need to be supported with field experiments to confirm the phenotype. 300
301
The investigation of variation in sampling with respect to circadian and developmental time 302 revealed periods of stable leaf δ 13 C. Here we performed a formal testing of the hypothesis that 303 leaf δ 13 C is an integrated measurement of fixed carbon rather than an instantaneous measure of 304 the active photosynthetic pool. The relative stability of leaf δ 13 C over the circadian time-course 305 experiment indicates the time at which the sample is taken during the day has no effect on the 306 isotopic signature. Unlike the stability seen over a 24-hour period, there was a significant trend 307 in leaf δ 13 C over developmental time. Over multiple years and across a diverse panel of lines, 308
there was a significant difference between leaf δ 13 C in juvenile and adult leaves. The timing of 309 transition from low to high leaf δ 13 C seen in this study is similar to what was measured 310 previously in a coarse developmental time series (Zhang et al., 2015) . Although the difference in 311 leaf δ 13 C through development was not as large as between genotypes, an average difference of 312 0.79 ‰ was observed between V5 and V10 leaves ( Figure 2B) . 313 314 At this point it is not clear what process is driving the difference in leaf δ 13 C between juvenile 315 and adult leaves. Interestingly, the timing of the change is similar to vegetative phase change 316 timing in Z. mays. An obvious indicator of this transition is the change from juvenile to adultconnection, differences in vegetative phase change timing between lines should be considered 319 when sampling. However, >95% of the 4,018 NAM RILs tested transitioned before V10 320 (Foerster et al, 2015) , which supports our conclusion that V10 is near optimal for sampling leaf 321 δ 13 C. Although later leaf stages are stable with respect to leaf δ 13 C, other differences between 322 lines are compounded as the growing season progresses. Our analysis of gl15 mutants suggests 323 that the difference in leaf δ 13 C is not due to changes in epicuticular wax. In addition to changes 324 in epicuticular wax, several other leaf characteristics change during the juvenile to adult phase 325 change including thickening of the cuticle, changes in epidermal cell walls, presences of 326 epidermal hairs, and the presence of bulliform cells (Poethig, 1990; Moose and Sisco, 1994). The 327 effect of cuticle thickness on leaf δ 13 C is still not known because it is not controlled by Gl15 328 (Evans et al., 1994) . In addition to leaf morphology, it is also possible that the difference in leaf 329 δ 13 C is due to physiological differences between juvenile and adult leaves. This could include 330 differences in stomatal opening that could cause a low Ci/Ca in juvenile leaves. Alternatively, 331 the difference in leaf δ 13 C may not be due to characteristics of the juvenile leaf per se, but rather 332 it could be due to the carbon signature from the previous generation, which contributes 333 significantly to juvenile leaves through seed reserves. (Table 1 and 2). Other factors such as mesophyll conductance could also be 353 contributing to leaf δ 13 C, but it is predicted that the effect of mesophyll conductance on leaf δ
C 354 in C4 plants is small (von Caemmerer et al., 2014). 355 356
The response of leaf δ 13 C to water limitation in the field, and the greenhouse, has several 357 implications for leaf δ 13 C use as a proxy trait for water-use efficiency. Under severe drought it is 358 possible that Ci/Ca approaches a biological limit that drives leaf δ 13 C values to be more negative 359 and nearly uniform across all lines. If there is a lower limit to Ci/Ca, it is interesting to speculate 360 that the small differences observed in leaf δ 13 C between lines grown under drought conditions 361 may reflect the amount of variation in other processes (such as Φ or post photosynthetic 362 fractionation) that contribute to leaf δ 13 C. Regardless, these results seem to suggest that 363 measurements of leaf δ 13 C may only be informative in assessing TE under well-watered 364 conditions. Under 100% FC in the greenhouse, Z007E0067 had the highest transpiration and also 365 had a significantly higher leaf δ 13 C compared to the other RILs. Thus, selection for leaf δ 13 C 366 under well-watered conditions may provide a breeding target for improving TE and the 367 sustainability of Z. mays production under current and future growing environments. 368 was placed at the bottom of each pot to prevent any media from being lost and each pot was 385 filled with the same volume of media. The media used was 3:1:1:1 of LC1, sterilized field soil, 386 peat, and perlite respectively. The field capacity of the pots was determined by saturating the soil 387 for 3 days and weighing each pot once the excess water had run through the media. The pots 388
Plant Growth
were then dried in a drier with continuous airflow at 60°C. Pots were periodically weighed until 389 their weight remained constant thus signifying complete dry down, which occurred after 15 days. 390
The difference for each pot between saturated soil and dry down was determined to be the weight 391 capacity (FC). The weight of 80% and 40% FC was calculated for each water treatment. 393
Seedlings were transplanted into pots 17 days after planting (DAP) and the pots were arranged in 394 a randomized complete block design. Soil amendments for fertility were added to the pots during 395 transplanting which included: Osmocote® (11-4-17), dolomitic lime, phosphorous, magnesium 396 sulfate, and gypsum. Plants were well watered until the start of the experiment. The fungicide 397
Pagent® was applied directly after transplanting. For the duration of the experiment the pots 398 were fertilized with 500 mL of 300 ppm (15-5-15) CalMag every 7 days. Before the water 399 treatments began, each pot was weighed with the 21 day seedling and the treatment weight was 400 calculated. The water treatment began 33 DAP. Each morning at the beginning of the light 401 period, the pots were weighed and the difference between the previous day's weight was 402 calculated and the weight lost through evapotranspiration was replaced with the equivalent 403 weight of water. In each water treatment replication there was a pot without a plant which served 404 as an evaporation control. This allowed daily transpiration of each plant to be measured over the 405 course of the treatment period ( Figure S3 ). The experiment was terminated 64 DAP and leaf 406 samples were taken from the upper most fully expanded leaf for isotopic analysis. Aboveground 407 biomass was taken by cutting the plant at the soil surface and drying it at 60°C for 14 days. Total 408 water use was calculated by summing the difference in weight each day and subtracting the 409 difference in weight of the evaporation control pot per each treatment. TEa was calculated by the 410 aboveground biomass (g) over the total volume of water used during the treatment (L). 411
412
Gas exchange measurements were taken on the uppermost fully expanded leaf using a LICOR-413 6800 over three days starting 50 DAP. The uppermost fully expanded leaf was leaf 9 (V9) in all 414 from each line were measured; with the exception of Z021E0097, only four plants were 416 measured due to the loss of one replicate. All leaf chamber conditions were set constant during 417 measurements. The temperature of the exchanger was set at 25 o C and H2O concentrations were 418 controlled automatically to maintain a constant VPD of 1.5 kPa. The CO2 concentration of the 419 chamber was set constant at 400 µmol mol⁻¹ for the duration of measurements and light was set 420 at 1,500 µmol m⁻² s⁻¹. Each plant was acclimated to the chamber conditions for 15-30 minutes 421 until steady state was achieved. Once the leaf reached steady-state, data was logged every 60 422 seconds for a duration of 5 minutes. Average net photosynthesis (A), stomatal conductance (gs), 423 and transpiration (E) were calculated for each line and an ANOVA and Tukey's post hoc tests 424 were ran to determine significant differences. Gray (Z021E0032), orange (Z007E0150), green (Z021E0097), and blue (Z007E0067) points represent means of the RILs grown in each treatment. Bars show standard error of the mean. Shape of the points distinguish 100%, 80%, and 40% FC treatment. The treatment effect between 100% FC and 80% FC was not significant, but the treatment effect between 40% FC and both 80% FC and 100% FC was significant at p <0.00001. 
